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LOI^ TITANIUH HEAT PIPES POR HIGH TOR^ERATURE SPACE RADIATOR** 

by 

S. P. Glrrefis* 

0. «. Ernst** 


ABSTRACT 

Tltinluii lient pipes ere being developed to pro« 
vide Iv^t nel^t, reliable heat rejection devices 
as an alternate radiator desl^ for the Space Reactor 
POd^ System (SP*100). The radiator design Includes 
360 heat pipes, each of which Is 5.2 ai long and dis- 
sipates 3 hU of power at 775 K. The radiator heat 
pipes use pota%s1uia as the working fluid, have two 
screen arteries for fluid return, a roughened surface 
distributive wicking system, and a D-shaped cross- 
sect1<m container configuration. A prototype titan- 
ium heat pipe, 5.5-n long, has been fabricated and 
tested In space-simulating conditions. Results from 
startup and Isothenaal operation tests are presented. 
These results are also compared to theoretical per- 
formance predictions thct were used to <tes1^ the 
heat pipe Initially. 

BACKGRCHHR) 

The SP-100 space nuclear power system Is being 
deslgi^ to produce 100 kH of electrical power fc^r 
seven years and to be fully compatible for safe 
launch Into lo^ -Earth orbit by the Sp^e Transporta- 
tion System (STS). The power plant configuration 
shown In Fig. 1 has four major subassemblies: an 
enriched uranium-oxide fueled reactor cooled by 90 
sodium-filled molybdenum heat pipes; a lithium- 
hydride shield that protects other parts of the 
space-craft from reactor radiation; slllcon- 
germanlimi thermoelectric converters that produce 
electricity from the reactor sur^lled thermal energy; 
and a titanium heat pipe radiator that rejects waste 
heat from the converter system Into space. 



Fig. 1. Multiple panel heat-pipe radiator design. 
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The conical-cylindrical shaped radiator 1$ seg- 
mented Into thirty panels with each panel containing 
twelve radiator heat pipes as shown In Fig. 2. To 
obtain system redundancy, each core heat-pipe thermo- 
electric (TE) module packa^ Is In direct thermal 
contact with four radiator heat pipes through the 
TE module heat pipes. The exterior surface of the 
radiator panels Is flat with the remaining portIcK) 
of the Individual heat-pipe cmitalners being 
0- shaped. D-shape was selected because It 
mlnimlaed radiator mass. Titanium was selected for 
the radiator material because of its relatively low 
density, ease cf fabrication, ^K)d Impact resistance 
ami hl^-temperature capability. Table 1 lists size 
and mass data for a tltaniiaa radiator satisfying the 
100 k\U power system desl^ criteria. Details of 
the rMlator design are contained In Ref. 1. 

f€AT PIPE DESIGH AM) PREDICTED PERFORMANCE 

The radiator heat pipes are designed to attain 
mlninum mass while transporting the prescribed heat 
loads Isothermal ly. The cross-sectional c<wif1gura- 
tlon of the titanlimi heat pipes varies from the view 
shown in the lower half of Fig. 3 at the smallest 
ccmical section radius to the view shown In the upper 
half of Fig. 3 at the cone/cylinder Interface. Hie 
cross-sectional area available for vapor flow Is 



Fig. 2. Individual radiator heat-pipe panel. 


TABLE I 

TITANIUM RADIATOR CHARACTERISTICS FOR 
100 kWe POWER SYSTEM 


Radiator poiter (kW) 

1010 

Total nutaber of T1 /k heat pipes 

360 

Operatins teiaperature (K) 

775 

Q«ax/»»«*t pipe (kH) 

2.9 

Heat pipe vapor area (m^) 

582 

Heat pipe length (m) 

5.2 

Radiator mass (kg) 

384 
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Fig 3. Forticm of a radiator tieat-p1i}e panel 
segnent* 

constant along the entire length of the heat pipe 
and equal to $82 w. The flat sicto radiates 
waste heat to space. The IE Mxhiles are Mounted on 
the flat side; both evaporation «id condensation 
occur on this surface. Current designs assuMe a TE 
evaporator section 0.6 m long and a condenser 4.55 m 
In length. The resulting evaporator Input heat flux 
Is 24.4 H/cai?; the condenser heat flux Is 1.8 
W/cip2. 

The fluid wlcklng systeM uses arteries to trans- 
port potassluM from the condenser to the evaporator 
and a distributive wide to transport the liquid to 
and from the arteries. Two single-layer 80-Mesh 
titan linn-screen arteries supply the liquid return 
Mechanism. Design of the distributive wlcklng sys- 
tem Is concentrating on nonscreen wlcklng surfaces 
that Include steel shot-blasting, machined V-groovIng, 
and pyramid-shaped entosslng. These types of fluid 
distribution systems eliminate the need to Insert and 
attach a separate screen mesh to the Inside of the 
irregularly-shaped heat pipe and reduce heat pipe 
weight. 

Performance predictions for heat pipes consist- 
ing of evaporator and condenser secticms have beer 
calculated with the aid of a Los Alamos developed 
computer code HTPIPE.^ Calculations are based on a 
laminar-flow model using the two-dimensional Navler- 
Stokes equations and Include compressibility effects. 
The hydrodynamic model of the heat pipe Is essentially 
a pressure balance on the recirculating flow of the 
working fluid. 

Coa|>uter calculations were made, utilizing this 
model, to predict performance limits of the titanium/ 
potassium heat pipes. Figure 4 Is a plot of the max- 
imum powers obtainable for different artery sizes. 
Since the screen pore size determines the capillary 
force that supports the 11qu1d-v^r pressure dif- 
ference In the heat pipe, finer mesh screens allow 
for hlg’ier performance. Presently, tltanlina screens 
are available In 50- and 80-mesh weaves. For the cur- 
rent heat pipe design, 80-mesh sc^^een would provide a 
heat transport performance margin of 1.9. Selecting 
the artery radius at 2.3 mm would allow the heat pipe 
to milntain Its design power even If one of the two 
arteries becomes Inoperable. Figure 5 1$ a plot of 
maximum heat pipe power vs evaporator exit teapera- 
ture. As Is evident In both Figs. 4 and 5, the design 
heat-pipe power of 2.94 kW Is well below the sonic 


limit, thus Indicating minimal ax1al-t«aperature var- 
iation. Also shown In Figs. 4 Tuid S Is that maximum 
heat-pipe performance Is confined by the wlcklng limit 
(screen pore size dependence lim!t)» FigiM 4^ Illus- 
trates the predicted ax1al-tti|>eratyre variation for 
the radiator heat-pipe design. Calculations Indicate 
a 4 ic temperature drop In the ev^K)rator mid a 
perature recovery of 3 IC In the condenser section. 

Note that at all locations In the condenser, the 
operating temperature Is above the radiator design 
temperature of 775 K. 



Fig. 4. Performance limits of radiator heat pipes 
with various screen meshes vs artery size. 



Fig. 5. Performance limits of radiator heat pipes 
vs temperature of evaporator exit. 



Fig. 6. Predicted axlal-tevperature variation 
of radiator heat pipes. 








niOTOTYPE FAmiCATION AM; TESTIIM 

Fabrication of prototype tltmlun heat pipes pro* 
artsscd In three stages froa 0.3*ia to 2-a to 5.5>a» 
iMfti. This sequence streed the Aial purpose of 
developing fabrication procedures nhlle providing 
heat pipes for evaluation. The design features of a 
tItanliMi heat pipe are shown In Fig. 7. Heat pipe 
c cap o n ents Include the curved half-shell 0.56-an 
thick, the flat top plate O.S«-« thick. tN two 
SO-aesh-TI screen wick arteries, and two end caps 
with one containing the fill tube. These parts are 
f^rlcated separately and then welded together. The 
■atcrlal used for the body of the heat pipe was 
Grade 2 T1; the top plate and half-shell were fabri- 
cated fro* sheet stock, and the end caps were *a- 
chlned fro* plate. The single-layer screen arteries 



Fig. 7. Design features of a titaniun heat pipe. 


for the pipes were forawd over a *andre1 and then 
spot welded to the flat top plate before welding the 
flat and curved sections to<Mther In order to 
control artery diaanston. The er^S^cctlonal area 
available for vapor flow Is 6.3 can while the 
arteries are each 12 eun In cross section. The 
distributive wicking surface on the Interior of all 
heat pipes was provided by steel shotblasting the 
titanlu* sheet prior to fonalng. Using the fill tube 
In one of the end caps, the heat pipe Is evacuated 
c.nd then enough potassija Is added by vacuum 
distillation to fill the arteries and saturate the 
distribution wick. The S.S-* heat pipe was filled 
with 260 g of potasslu*. After completion of the 
potasslu* transfer, the fill tube Is weld sealed and 
the heat-pipe fabrication thereby finished. 

Heat-pipe testing Is performed under space- 
slmulati.'n conditions In a water-cooled vacuum chaiber 
at 10~' tbrr. Heat Input to the evaporator was 
provided by rf heating In the 5.5-m hi>at pipe tests. 
Figure 8 shows the 5.5-* heat pipe Instrumented and 
ready for asseably Into the vacuum chamber. 

Tests on the 5.5-m heat pipe were designed to 
obtain tow power start-up characteristics and achieve- 
ment of design power transport at an operating tem- 
perature of 775 K. The testing of high temperature 
performwKe limits was- not possible due to the un- 
coated condition of the heat pipe (that Is, a hlgh- 
emlsslvlty coating Is required for radiative heat 
rejection at these higher powers). Figure 9 Illus- 
trates the variation In axial temperature profiles as 
power Is Increased during startup. The good correla- 
tion between analytical prediction and start-up power 
measurements In Fig. 10 Indicates that the startup 
capability of the heat pipe Is very stable and pre- 
dictable In the low power range. As Is evident In 
Fig. 11, data were obtained covering a wide operating 



Fig. 8. Instrumented T1/K heat pipe before assembly Into vacuum ta:ik. 


temperature range of K* The maxlnjin heat pipe 
poiter attained was 1.^ kW at an average operating 
teiiperature of 760 K. This data po1nt» 63X of design 
power* was a significant result since the heat pipe 
reached a heat Input dry*out limitation. This limi- 
tation was a muTt of the shot-htasted distrttnitton 
wick's Inability to distribute enough working fluid 
for evaporation. This result thus Indicates the ne- 
cessity for wire screen supplementation In the evap- 
orator section of the heat pipe to Increase the fluid 
distribution capability. A comparison between the 
analytically predicted axial-temperature variation 
and the measured profile Is shown In Fig. 12. The 
heat pipe was also operated successfully against 



Fig. 9. Axial temperature profiles of 5.5-m Tl/K 
heat pipe during start-up. 



Fig. 10. Measured start-up powers of 5.5-m Tl/K 
heat pipe. 



Fig. n. Measured operating powers of 5.5-m Tl/K 
heat pipe. 
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Fig. 12. Comparison of analytical and measured 

temperatowe profile at maximum operating 
power. 

gravity (pipe tilted so that condenser section Is 
lower than evaporator) thus demonstrating artery fill 
and operation. 

SUMMARY 

A dual artery titanium/potassium heat pipe* with 
a 0-$haped cross-section* very lightweight structure 
and length of 5.5 m* has been constructed and tested 
in support of an alternate design for the SF-100 ra- 
diator subassembly. The successful design* fabrica- 
tion* filling and testing of the 5.5-m heat pipe rep- 
resents an Important technological advar^e In the 
development of very long* light-weight* high- 
temperature heat pipes for space applications. Its 
length of 5.5 m makes it the longest alkali metal 
heat pipe ever tested. The fabrication and test of 
this heat pipe Include the following significant 
accomplishments. 

1. Successful conpletlon of a major advance In 
heat pipe design* Incorporating several de- 
sign and fabrication procedures (thin sheet 
material* D-shaped cross-section and long 
axial welds) not previously demonstrated. 

2. Successful filling and wet-in procedures 
developed for very long* thin-walled heat- . 
pipe structures. 

3. Stable start-up of very long arterial liquid- 
metal heat pipes demonstrated. 

4. 1.86 kW of heat transported at 760 K demon- 
strating overall capability of the pipe. 

5. Successful heat pipe operation against grav- 
ity demonstrating artery fill and operation. 

6. Data Indicating an Input heat dry-out limit 
for the shot-blasted distribution wick show- 
ing the necessity for wire screen supplemen- 
tatUn In the evaporator section. 

7. Excellent correlation between analytical 
predicted oerformance and actual test data. 

Further experiments on a similar heat-pipe desl^ 
utilizing a wire sc'-een for ev^rator distribu- 
tion system and a high emisslvlty coating In the con- 
denser would allow testing of l^at pipe perf<w*munce 
limits. 
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